Tungsten disulphide (WS 2 ) and molybdenum disulfide (MoS 2 ), which belong to the family of transition metal dichalcogenides, are well known for their solid lubricating behavior. Thin films of MoS 2 and WS 2 exhibit extremely low coefficient of friction (COF ~0.02 to 0.05) in dry environments, and are typically applied by sputter deposition, pulsed laser ablation, evaporation or chemical vapor deposition, which are essentially either line-of-sight or high temperature processes. With these techniques it is difficult to coat surfaces shadowed from the target, or uniformly coat sidewalls of three-dimensional or high aspect ratio structures. For applications such as micromechanical (MEMS) devices, where dimensions and separation tolerances are small, and aspect ratios are large, these traditional deposition techniques are inadequate. Atomic layer deposition (ALD) is a chemical vapor deposition technique that could overcome many of these problems by using sequential introduction of gaseous precursors and selective surface chemistry to achieve controlled growth at lower temperatures, but the chemistry needed to grow transition metal dichalcogenide films by ALD is not known.
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RESULTS AND DISCUSSION
We have developed an ALD process for the synthesis of tungsten disulphide (WS 2 ) solid lubricant thin films by using WF 6 and H 2 S gas precursors in a viscous flow reactor from 300 to 350°C. A new metal catalytic route was established to promote nucleation and growth of WS 2 films on Si (or SiO 2 ) and stainless steel surfaces, which are the substrates used in MEMS and rolling element bearings (REB) applications, respectively. In situ quartz crystal microbalance (QCM) measurements showed that WS 2 did not grow on bare substrates, and thus needed a nucleating agent. We discovered that a ~3 nm layer of Zn grown by ALD served as a catalyst and facilitated the growth of ALD WS 2 . This catalytic action of Zn in WS 2 growth appears to be critical for the ALD process. X-ray diffraction measurements ( Fig. 1) confirmed that the ~30 nm thick WS 2 films were indeed crystalline with predominantly hexagonal (002) texture grown at (a) 300ºC and (b) 350ºC. Curved basal planes, orientated perpendicular (100) and at 45º (101) to substrate, are seen at 350ºC, while at 300ºC the basal planes are orientated parallel to the substrate. Fig. 1 also shows SEM images of WS 2 films confirming the basal plane orientation differences. These basal planes exhibit easy shear between unit cells necessary for low friction and wear. Resultantly, both films exhibit extremely low COF shown in Fig. 2 (0.008 -hitherto unreported for WS 2 films -to 0.02) under both low (0.4 GPa) and high (0.8 GPa) contact stresses.
The friction coefficients were measured in dry nitrogen environment using a homebuilt ball-on-disk linear wear tester operating in unidirectional mode at a sliding speed of 3.3 mm/sec. The perpendicular basal planes bend under shear loading and thus are reorientated flat (Fig.2 inset) assuring low friction at our high contact stresses. Perhaps a surface force apparatus with much lower contact stress could detect friction differences with perpendicular planes. Fig.  3(a) shows a fully assembled REB coated with a conformal, ~120 nm thick ALD WS 2 film. The ALD process can uniformly coat the whole assembly, while current sputter deposition techniques can only coat the individual bearing elements. Fig. 3(b) shows an SEM image of a cross-section of a focused ion beam cut taken from a poly-silicon MEMS device showing conformal WS 2 coating growth. CONCLUSIONS ALD is capable of depositing low friction and conformal solid lubricant coatings. Zn catalyzed adsorption and reaction of WF 6 greatly increases the growth rate. Coatings only tens of nm thick can give low friction suggest that sliding is interfacial, i.e., between the transfer film and the wear track on the coating. Crystal texture is temperature dependent, but shear-induced reorientation assures low friction. The development of ALD solid lubricant films is expected to enable the application of low friction wear films to MEMS structures and REB devices with buried interfaces.
The catalytic route to synthesis of these materials is a new development, which may facilitate the growth of many other metal containing films, where nucleation is impeded due to low reactivity of precursors. 
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